Hexametildisilazane (HMDS) plasma polymerized thin films obtained using low frequency power supplies can be used to make adsorbent films and turn surfaces hydrophobic. The aim of this work was to verify the hydrophobicity and adsorption properties of HMDS thin films (with and without the addition of oxygen, resulting in double or single layer films) obtained using an inductive reactor powered with a 13.56 MHz power supply. Single and double layer thin films were deposited on silicon for film characterization, polypropylene (PP) for ultraviolet (UVA/UVC) resistance tests, piezoelectric quartz crystal for adsorption tests. The double layer (intermixing) of HMDS plasma polymerized films and HMDS plasma oxidized surfaces showed a non-continuous layer. The films showed good adhesion to all substrates. Infrared analysis showed the presence of CH n , SiCH 3 , SiNSi and SiCH 2 Si within the films. Contact angle measurements with water showed hydrophobic surfaces. UVA/UVC exposure of the films resulted in the presence of cross-linking on carbonic radicals and SiCH 2 Si formation, which resulted in a possible protection of PP against UVA/UVC for a duration of up to two weeks. Adsorption tests showed that all organic reactants were adsorbed but not water. Plasma etching (PE) using O 2 showed that even after 15 minutes of exposure the films do not change their hydrophobic characteristic but were oxidized. The results point out that HMDS films can be used: for ultraviolet protection of flexible organic substrates, such as PP, for sensor and/or preconcentrator development, due to their adsorption properties, and in spatial applications due to resistance for O 2 attack in hostile conditions, such as plasma etching.
Introduction
HMDS is a reactant commonly used for different applications. In wet processes is used for volatile derivativation of a large variety of biological compounds [1] [2] [3] [4] or surface silylation [5] [6] [7] [8] in microelectronic applications, and for surface preparation of the chromatographic capillary columns 9 . In dry processes is normally used for plasma processing in microelectronic, for several applications, such as surface protection 10, 11 and optics [12] [13] [14] . HMDS plasma polymerization was extensively studied using different frequencies power supplies, but only films with low amount of carbon radicals are normally used, such as for surface protection [15] [16] [17] . Recently, other applications for plasma HMDS thin films have arisen due to the interesting properties that films with high amount of carbon demonstrate such as high hydrophobicity, resistance to UV radiation, acid and bases etching and adhesion to several substrates [18] [19] [20] . This high hydrophobicity originates from the high amount of CH 3 species within the film, which also induces an easy adsorption of organic compounds 21, 22 and ultraviolet protection 20 . However these films were obtained using capacitive reactors powered using a 40 kHz power supply.
The aim of this work is to verify if HMDS plasma polymerized thin films produced in an inductive tubular plasma reactor coupled with 13.56 MHz power supply presented the same adsorption and protection characteristics found with 40 KHz power supply. For comparison, wet depositions on ligno cellulose surfaces were also carried out.
Experimental
All reactants used were P.A., with the exception of HMDS reactant that was industrial grade. The substrates used were: silicon wafers (3", <100> 10-20 Ωcm), piezoelectric quartz crystals (PQC) with frequency of 4.096 MHz, polypropylene and Lignocellulosic samples, in particular beans from Cerealista Cristo Rei Ltda. Beans were used due to theirs high degasification rate that favor changes on HMDS film characteristics. HMDS wet process used two different procedures: exposure to saturated HMDS vapor atmosphere or HMDS dip 23 . HMDS plasma deposition used a tubular reactor described elsewhere 24 . Figure 1 shows the reactor used in this work.
Silicon wafer was used for HMDS plasma polymerized film characterization. Therefore during plasma deposition on all substrates, silicon wafer was used as reference. The films deposited on silicon were characterized by perfilometry, to determine deposition rate, infrared spectroscopy, to analyze the main chemical species within the films, and measuring the contact angles formed by drops of distillate water. The films deposited on PQC were tested for adsorption using a quartz crystal microbalance (QCM). The adsorption tests used organic compounds in large range polarity. Figure 2 shows the QCM system used for adsorption test. The films deposited on polypropylene were tested for their ability to protect this polymer from UV radiation: 8 W, UVA and UVC Lights were maintained about 10 cm apart from the polypropylene during several weeks. The chemical modification of the samples was evaluated visually, by immersion in water, contact angle measurement, FTIR and Vickers tests were also carried out.
The films deposited on beans were tested for their resistance to acid and basic solutions and also for other characteristics as follows:
• Etch resistance and aging: For etching tests grains were immersed in aqueous solutions in a large range of pH [HCl (pH ~ 0); H 2 SO 4 (pH ~ 3); H 2 O (pH ~ 6); NH 4 OH (pH ~ 9); NaOH (pH ~ 14)]. After five minutes, the surface was evaluated by optical microscopy. The procedure was repeated until the surface showed any change. For aging tests, the grain was immersed in water for 30 minutes and its surface evaluated by optical microscopy. After four months the procedure was repeated. Theses tests were carried out only for plasma polymerized films; • Reaction with water at room temperature and at boiling point: The grains were immersed approximately for 40 minutes then their surface was evaluated by optical microscopy; • Humidity resistance: Treated and untreated grains were kept in a dissecator with water for 10 days at 10 mTorr imitating very humid weathering condition during storing. Optical microscopy was used to evaluate the surface of the beans, as described for etching resistance tests; and • Resistance to UV: The grains were monitored continuously, visually, by immersion in water and using contact angle measurement.
Results and Discussion
The results are showed in two sections: 1) production and characterization of HMDS plasma polymerized films and 2) Tests of adsorption and surface protection.
Production and characterization of HMDS plasma polymerized films
HMDS plasma polymerized films obtained on silicon wafers showed the following characteristics 25 Figure 3 ; • Water contact angles of roughly 90°; and • Resistance to acid and basic solutions. However, at pH 14 optical microscopy analysis showed surface modification in small spots, probably due to partial etching. The most hydrophobic films obtained with high SiCH 3 relative intensity and good etching resistance for acid and basic solutions were chosen for adsorption and surface protection tests. These films were produced at 0.3 Torr, 400 W, 5 minutes and thickness was approximately 3000 Å.
In order to improve the HMDS plasma polymerized films mechanical resistance, intermixing depositions were carried out using oxygen to form a second layer on the film. This second layer might be rigid because HMDS + O 2 plasmas easily form silicon oxide thin films 13 . Four different procedures as described in Table 1 were tested. When following procedures 1, 2 and 4 oxygen was added to the plasma to form the second layer (silicon oxide). When following procedure 4 the second layer was formed only by oxidation. Procedure 3 was adopted to evaluate the interface between the layers. Infrared spectra showed silicon oxide formation when following procedure 3 but the low deposition rate obtained in that case indicates that the intermixing most likely lead to a thin film formed at the interface between the layers. Likewise, when following procedure 4 a very thin silicon oxide film was formed at the surface of the HMDS plasma polymerized film. Whereas infrared spectra for samples obtained following procedures 1 and 2 show low amount of SiOSi species, the films obtained following procedure 4 contained a high amount of SiOSi. Therefore, the bombardment of oxygen that occured when following procedure 4 probably allowed oxide formation in an easier fashion than when using plasma HMDS+O 2 reactions. These results are in good agreement with deposition rates results commented above. Figure 4 shows a typical aspect of a film obtained when following procedure 4, as described on Table 1 . Small structures with a needle shape (see arrow on the photograph) can be observed. These irregularities indicate that the intermixing procedures probably did not favor, in this case, a silicon oxide continuous layer formation. Therefore, the mechanical resistance will be improved, but only in a small range, as verified using Vickers tests.
Thus, although HMDS plasma polymerized films show good properties when exposed to severe chemical conditions (acid and basic solutions), the film is not rigid and has low mechanical resistance, as verified by scratching test.
Tests of adsorption and surface protection
HMDS plasma polymerized films were deposited on PQC and adsorption tests were carried out. Figure 5 shows a typical result for film obtained with high amount of SiCH 3 (0.3 Torr, 400 W, 3000 A) species. As can be seen in Figure 5 , films are adsorbent for organic compounds, polar and non-polar. These results are similar to the ones obtained when using a planar reactor powered by a low frequency power supply 12 . Resistance and reproducibility tests were also carried out using QCM and with the same organic compounds used for adsorption tests. In this test the compound is admitted and removed periodically (1 minute for admission or removal) and possible variations of frequency are recorded. Only nitrogen flows in the cell during the removal of the compound. The HMDS plasma polymerized film showed good resistance to the organic compounds tested. However, for acetone and after several cycles (more than 10 times) changes could be noticed of the film behavior. This behavior is most likely due to non-gravimetric interactions, such as swelling of the film. Figure 6 shows typical results for 2-propanol and acetone. Figure 7 shows infrared spectra of HMDS films before and after eight days exposure to UVC. It can be seen that after ultraviolet exposure (UVA or UVC) SiCH 3 species cross-link and/or oxidize, leading to SiCH 2 Si or SiOSi formation. These results are similar to the ones found using planar reactor at 40 KHz power supply 20 . Polypropylene samples were also treated with HMDS plasma films and exposed to ultraviolet radiation (UVA and UVC) and the infrared spectra were evaluated during 30 days. It was noticed that treated samples resist to ultraviolet for a longer time than the untreated ones. After 15 days of UVC radiation, the relative intensity of the main species did not change for the treated ones but for the untreated (approximately 16% variation relative intensity). Moreover, Vickers measurements showed lower values for untreated samples (approximately 10% lower).
HMDS plasma films were also deposited on grains for tests of surface protection. The deposition occurred without any difficulty, but the high degasification rate of the grains demanded approximately thirty minutes to reach the ultimate pressure (10 mTorr). However no difference between the films obtained when depositing on grains and films deposited on other substrates were observed as can be proven by the analysis of the silicon wafer that were inserted in the reactor together with the grains and used as reference. The treated grains were hydrophobic, as verified by water contact angle measurements, and resistant to water immersion, at room temperature or boiling point, up to 20 minutes. After four months, the same behavior was found. For humidity test, after 10 days the treated grains showed no alteration but the untreated presented microorganisms on the surface, as can be see in Figure 8 . Whereas microorganisms were found at the surface of untreated grains approximately after a week of water vapor exposure in the case of treated grains those microorganisms occurred after only three weeks. The grains were also exposed to ultraviolet radiation during 21 days. After the exposure the grains were tested for immersion in water and humid environment. It was verified the same behavior found for the treated grains without exposure. Therefore, the film does not change its characteristics significantly but some color variation may occur after the exposure, probably due to partial interaction with ultraviolet radiation.
For comparison, grains were treated with HMDS using wet process. The two procedures -exposure to HMDS vapor or dip in HMDS -showed the same behavior. The main difference observed was on the grain color most likely due to sililation. Immersion in water at room temperature requires only five minutes for adsorption occurs. Humid environments also favor microorganism attack after one week, similar to the results obtained with untreated grains. Therefore, the monolayer formed for HMDS wet reaction is not suitable for surface protection, such as during storage.
Conclusions
Plasma polymerized HMDS films with high amount of SiCH 3 species show hydrophobic character and adsorption properties that indicate them for polymeric surface protection, especially against water. Therefore, these films can be useful for grain protection during storage. 
Untreated Treated
The cross-link reaction during ultraviolet exposure also indicates these films for surface protection in severe conditions, such as outer space uses where the amount of UV light is especially high. The adsorption characteristics could be useful for sensor development; however, the low mechanical resistance of these films can be a drawback and must be addressed. Moreover, these films were obtained using clean technologies and environmentally friendly reactants.
